Antifouling paints are environmentally risk assessed based on their biocidal release rates to the water phase. In situ release rates of copper (Cu) and zinc (Zn) were derived for five commercial paints in two recreational marinas with different salinities (5 and 14 PSU) using an X-Ray Fluorescence spectrometer (XRF). Salinity was found to significantly affect the Cu release, with twice the amount of Cu released at the higher salinity, while its influence on the Zn release was paint-specific. Site-specific release rates for water bodies with salinity gradients, e.g. the Baltic Sea, are therefore necessary for more realistic risk assessments of antifouling paints. Furthermore, the in situ release rates were up to 8 times higher than those generated using standardized laboratory or calculation methods. The environmental risk assessment repeated with the field release rates concludes that it is questionable whether the studied products should be allowed on the Swedish market.
Introduction
To prevent fouling on submerged structures such as hulls, antifouling paints designed to kill or deter the settling organism through the slow release of toxins into the aquatic environment are commonly used (Almeida et al., 2007) . Several different biocides have been used for this purpose throughout history, but today the main biocide is cuprous oxide (Cu 2 O) (Yebra et al., 2004) . The release of biocides from the paints directly into the aquatic environment leads to increased concentrations in water and/or sediments and may consequently negatively affect non-target organisms (Dafforn et al., 2011) . Zinc oxide (ZnO) is also added to most paints as a means to control the erosion rate (Watermann et al., 2005) . Although it is not classified as an active substance in the EU Biocidal Products Regulation (BPR, Regulation (EU) 528/2012), studies have shown that the release of Zn from antifouling paints can have toxic effects on organisms Ytreberg et al., 2010) . Within the EU, antifouling paints are regulated through the BPR which requires all biocidal products to obtain authorization before they can be made available on the market. In most member countries, the authorization process includes an environmental risk assessment, requiring manufacturers to submit the product's biocidal release rates. Regulatory bodies in the EU member states (as well as those in e.g. USA and New Zealand) accept leaching rate data generated from either of the only two standardized methods available (EU, 2006; Thomas, 2009; EPA New Zealand, 2011) : (1) a rotating cylinder method (ASTM D6442-06/ISO 15181:2007) and (2) a mass balance method (ISO 10890:2010) .
The rotating cylinder method (1) is a laboratory method where the paint is applied onto triplicate cylinders which are then stored in holding tanks containing artificial seawater under controlled conditions (pH: 7.9-8.1, salinity: 33-34‰, temperature: 25-26°C) (ISO, 2007) . On specified measurement days, each cylinder is moved into a cylindrical container with artificial seawater and rotated at a fixed speed for 1 h. Water samples are collected and analyzed to determine the release rate. The rates are determined in this way over a time period of 45 days and the average leaching rate between day 21 and 45 is reported. The mass balance method (2) is strictly a calculation method developed by the European Council of the Paint, Printing Ink and Artists' Colours Industry (CEPE) (ISO, 2010) . Its equation was derived from a generic empirical model based on copper and organotin release rate data obtained using the rotation cylinder method. The model assumes an initial high release rate during the first 14 days, after which a constant "steady-state" leaching rate is achieved. The latter leaching rate is used for the risk assessment. The rotating cylinder method was never designed to reflect environmental release rates from antifouling paints and the rates derived from either of the two standardized methods have been shown to overestimate the real environmental release (IMO, 2009) . Conservative default correction factors for each of the methods have been proposed in order to produce more realistic numbers: 5.4 for the rotating cylinder method and 2.9 for CEPE mass balance method (Finnie, 2006) . These reduction factors were based on the comparison with in situ release rates for one ablative ship paint in one location (San Diego), obtained using a field method called the "dome method" (Finnie, 2006) . This method was developed by the Space and Naval Surface Warfare Center in San Diego and allows the measurement of in situ leaching rates using a closed recirculating dome system which can be attached underwater to hulls or panels (Valkirs et al., 2003; Schiff et al., 2004) . Although it has the benefit of yielding the in situ release rates, it has not been deemed economically or practically feasible to standardize (IMO, 2009) . For risk assessment purposes, release rates reflecting in situ conditions are of great value. For one, the current standardized methods were designed for a strict set of exposure parameters when it comes to temperature and salinity. For brackish and colder water bodies, such as the Baltic Sea, these conditions are not representative. Secondly, the formation of natural biofilms on the paint surface have been found to affect the release rate of biocides from the coating (Valkirs et al., 2003; Yebra et al., 2006a) , something the standardized methods cannot account for.
A novel method utilizing a handheld XRF, specifically calibrated to quantitatively measure the concentrations of Cu and Zn in antifouling paint films, has recently been developed (Ytreberg et al., 2017) . It permits the measurement of the in situ release of metallic biocides and has the potential for standardization. Here, we present the first in situ Cu and Zn release rates for five different commercial antifouling paints for recreational vessels using the XRF method. Recreational boats in Sweden spend on average 90% of the boating season (May -September) moored in the harbor (The Swedish Transport Agency, 2010; The Swedish Transport Agency, 2015) and so, to simulate these conditions, antifouling paints coated on static panels were immersed for up to 84 days in two leisure boat marinas. The marinas were located in waters with different salinities: one on the Swedish East coast (5 PSU) and the other on the West Coast (14 PSU), allowing us to also investigate the effect of salinity on the release rate of Cu and Zn. The in situ release rates are compared to those derived using either of the two standardized methods and, finally, the environmental risk assessment of the products was repeated using the field release rates.
Materials & methods

Study sites and antifouling paints
Five commercial antifouling paints for leisure boats available on the Swedish market with Cu 2 O as the main biocide were used in this study (Table 1 ). All paints were rosin-based, ablative/erodible paints, except paint E that is marketed as a self-polishing coating. 10 × 10 cm polymethyl methacrylate (PMMA) Plexiglas® panels were lightly rugged with sandpaper and coated with primer, followed by the antifouling paint. An automatic film applicator (Elcometer 4340) was used for all paint application, with a wet film thickness setting of 100 μm (same as for the standards, see Supporting Information). The dry film thickness of the paints should be ≤ 40 μm to be within the linear response range of the XRF for Cu and Zn (Ytreberg et al., 2017) . Three of the paints were therefore also applied with 100 μm wet film thickness onto polyester films (Melinex® O, 125 μm, DuPont Teijin Films) and a dry film thickness < 40 μm was confirmed using a coating thickness gauge (Elcometer 456).
The panels were attached in random order to polypropylene wires and immersed at 1 m depth in mid-July 2015 at two recreational marinas in Sweden: Bullandö Marina in the Stockholm area on the East coast (salinity of 5.1 PSU; 59.298°N, 18.653°E) and Fiskebäck Marina in the Gothenburg area on the West coast (salinity of 13.8 PSU; 57.647°N, 11.853°E). 4 replicate panels of each coating were retrieved at both locations after t = 7, 14, 28, 56 and 84 days of immersion, with one exception: no panels coated with paint E were collected after 7 days at Bullandö. The panels were brought back to the lab and left to air dry before XRF analysis. The water temperature during the study, as monitored by the Swedish Meteorological and Hydrological Institute (Swedish Meteorological and Hydrological Institute, n.d.) at locations near the two marinas, were compared. No significant difference was found (p = 0.2937) between the water temperature by the Stockholm marina (on average: 16.0 ± 1.7°C; 58.933°N, 19.167°E) and by the Gothenburg marina (16.3 ± 1.7°C; 57.685°N, 11.791°E). pH is expected to be similar at the two sites and between 8 and 8.3, based on measurements of coastal surface water in the Baltic Sea over recent years (Swedish Meteorological and Hydrological Institute, n.d.) .
XRF method and calculation of release rates
A portable XRF (DELTA-50, InnovX) was used to measure the area concentration of Cu and Zn in the paint coatings (expressed as μg cm − 2 ), using the method described in Ytreberg et al. (Ytreberg et al., 2017) . Minor modifications were carried out for the purpose of this study in order to improve the quantification (see detailed description in the Supporting Information). The same measurement time (30 s) and settings (50 kV beam) were kept, but a new calibration was established on the instrument. For this study, newly prepared painted film standards were mounted onto 10 × 10 cm PMMA panels, to exactly match the background of the paint panels utilized in the field study. Additionally, Compton normalization was applied to the signal as it improved the linearity of the calibration curves. The intensity of the Table 1 Properties of the antifouling paints used in the study. Black color was used for all. Data was obtained from the Swedish Chemical Agency's pesticides register, from the paints' safety data sheet and technical data sheet. ⁎ Range specified in the safety data sheet. ⁎⁎ Estimated from the reported Cu 2 O content and the average Cu:Zn ratio determined by XRF measurements on the panels before immersion, ± 1 standard deviation (n = 120).
Compton peak (measured here between 20.0 and 20.8 kV) reflects the fluorescence absorption of the sample (Mantler et al., 2006) . Normalizing to this peak can therefore be likened to normalizing to an internal standard. The Compton normalization was also found to reduce the day-to-day variability. Excellent linear relationships were found between the area concentrations of the standards and the Cu Kα-intensity (r 2 = 0.997) and Zn Kα-intensity (r 2 = 0.993) (Fig. S1 ).
One dedicated measurement point on each panel was measured by XRF before and after immersion. The difference in measured metal concentration represents the amount of metals lost, i.e. the cumulative release (in μg cm − 2 ). The day-to-day variability of the instrument was monitored through repeated measurements of a control panel coated with antifouling paint. The absolute day-to-day precision, calculated as the standard deviation of the average concentration, was ± 9 μg/cm 2 and ± 22 μg/cm 2 for Cu and Zn, respectively.
The release rate (μg cm − 2 day − 1 ) between two time points (t 1 and t 2 ) was calculated as the difference of the cumulative releases at t 1 and t 2 (μg cm − 2 ) (n = 4) divided by the difference in immersion time Δ t (days): (1)
Influence of fouling
Although there was no macrofouling on the panels, thin layers of microfouling, so called slime, were present on some, especially those subjected to the longer immersion times. In theory, slime could interfere with the XRF measurement if it increases the distance between the beam window and the sample surface. Additionally, if the slime has the ability to absorb x-rays, this would lead to further signal attenuation. However, as organic material is composed of lighter elements, mainly carbon, any potential absorption by the slime is expected to be low (Gauglitz and Vo-Dinh, 2006) . The microfouling could also affect the results through the uptake of metals leached from the coating (Bighiu et al., 2016) . In order to investigate any potentially interference, panels holding a film of slime were soaked in water for 1 h and the slime was gently removed with a soft brush. Concentrations measured prior to and after the fouling removal were compared and the difference was on average ± 1 standard deviation: −15 ± 36 and 11 ± 27 μg/cm 2 for Cu and Zn, respectively. These differences were not found to be significantly greater than the day-to-day variations in instrument performance (t-test, α = 0.05). Only the XRF data obtained before the microfouling was removed was therefore used in this study.
Statistical analysis and MAMPEC modelling
Statistical analyses of the data were performed in JMP® 13.1 and a significance level of 5% (α = 0.05) was used for all. t-tests were performed to investigate significant differences in cumulative release between the two sites for each of the paints. Linear regressions between the cumulative release of Cu and Zn at each site and the paints' Cu 2 O or ZnO content were tested for significance. A 2-way ANOVA was performed to determine if salinity, paint selection (i.e. each paint's specific formulation) and/or the interaction between the two significantly affects the load of Cu and Zn to the marina waters. Significant differences in release rates derived with the new XRF method compared to those generated from the standardized methods, i.e. the rotating cylinder method and the CEPE mass balance method, were examined with paired t-tests.
For the environmental risk assessment, European member states utilize the modelling software MAMPEC (Marine Antifoulant Model to Predict Environmental Concentrations) to predict the concentrations of e.g. dissolved Cu in marinas using the provided release rates. Different marina and harbor scenarios can be used in the model and adjusted for the individual country. In Sweden, there are two marina scenarios for recreational vessels: one for the Swedish East coast (salinity 6.1 PSU) and one for the West coast (salinity 20.3 PSU) (Swedish Chemicals Agency, 2014). MAMPEC (version 2.5) was used to predict the concentrations of dissolved Cu and Zn in two Swedish marina scenarios using the measured release rates (see Supporting Information for details). The Predicted Environmental Concentration (PEC) from MAMPEC is assessed against the Predicted No Effect Concentration (PNEC) by calculating the Risk Characterization Ratio (RCR) = PEC/ PNEC.
Results & discussion
3.1. Effect of salinity and paint formulation on the release of Cu and Zn
The release of Cu and Zn from antifouling paints is controlled by the solubility of the pigments and the solubility/erodibility of the paint binder, which are mainly affected by salinity, pH, temperature, vessel speed (agitation), pigment particle size and binder composition (Kiil et al., 2002; Yebra and Weinell, 2009) . As pH and temperature are expected to be comparable at both sites studied herein and also, since the panels in this study were static, only differences in release due to variations in salinity and paint formulation (meaning the paints' binder composition, biocidal content, particle size, etc.) can be discussed here.
Cu release rates
The in situ release rates of Cu, calculated for the different immersion periods using Eq. 1, are displayed in Fig. 1 (left column) . The time trends differ between the paints but some general tendencies can still be observed for each of the two locations. At the higher salinity site (Gothenburg), the release of Cu is typically slow for the first 7 days and then increases to reach a maximum rate sometime between day 7 and 28. This is followed by a decrease in release rate until the end of the study. An exception is paint C which, unlike the other paints, has a constant and steady release rate from day 0 to 56, before decreasing by a factor of 2. The decrease in Cu release rates observed in Gothenburg is consistent with that observed in a study by Valkirs et al., where in situ Cu release rates for 8 different Cu 2 O coatings (7 self-polishing and 1 ablative) applied on static panels immersed in fully saline waters in San Diego Bay, California were determined with the dome method (Valkirs et al., 2003) . The release rates of Cu were recorded at three occasions during the first 100 days (after 11,~30 and~70 days) and the results showed a decrease in release rates with time. For the less saline site, Stockholm, the release rates generally increase over a longer time period (up to 28 days), before a steady release rate is achieved and with-held until the end of the study period. Here, paint E deviates from the described trend as its increase in Cu release rate is so slow that it is not possible to determine whether any sort of steady-state was attained by day 84.
All the paints in this study show a higher cumulative release of Cu at the higher salinity site over the study period (Fig. S2) and the Cu release rates observed in the Gothenburg marina between day 0 and 56 are generally higher than those at the Stockholm marina. These results are in agreement with those described by Ytreberg et al. where the same paints were studied along a salinity gradient and increased salinity was found to increase the release of Cu (Ytreberg et al., 2017) . A detailed study of the dissolution of Cu 2 O in seawater found that the following equation to be the rate determining step for the pigment dissolution (Ferry and Carritt, 1946) :
Thus, an increase in salinity, i.e. an increase in chloride ions (Cl − ), increases the dissolution rate of Cu 2 O. In addition, the solubility and polishing rates of both erodible rosin and self-polishing acrylic matrices have also been shown to increase with salinity (Kiil et al., 2002; Rascio et al., 2011) . For example, in a laboratory study by Adeleye et al. (Adeleye et al., 2016) , where a self-polishing paint containing 48% Cu 2 O (w/w) was studied, a linear relationship between release of Cu and salinity (expressed as chloride concentration) was found.
Plotting the cumulative release of Cu at both sites against one another for all the studied immersion times, reveals a linear relationship (r 2 = 0.914, p < 0.0001) with a slope of 1.98 ( Fig. 2A) . However, paint E (a self-polishing paint) deviates from that pattern and does not fit the linear regression as well as the rosin-based paints, possibly due to its different binder technology. Removing this paint improves the relationship (r 2 = 0.975, p < 0.0001) while negligibly altering the slope to 1.90 (data not shown). Hence, with respect to the rosin-based paints, increasing the salinity from 5 to 14 PSU results in a two-fold Cu load to the marina. For the self-polishing paint E, the increased salinity enhances the Cu release even further by a factor ≥ 3 by day 56 and onward. These results clearly show that salinity is a key parameter in controlling the release of Cu from antifouling paints. Possible correlation between the paints' Cu 2 O content and their cumulative release of Cu after 84 days of immersion was investigated but found to be nonsignificant at both sites (Fig. S4A ). This was also the case when only considering the paints with the same binder technology, i.e. the rosinbased paints. Consequently, the paints' Cu 2 O content cannot be used by itself to predict the release of Cu from the studied products. To determine whether location (i.e. salinity) is more important than the choice of paint (i.e. meaning not only the paint's biocidal content but its unique formulation) on the total amount of Cu released after 84 days, a 2-way ANOVA was performed. The test revealed that both location and paint choice have a significant effect (p < 0.0001) on the Cu release. The interaction between the two parameters (salinity and paint choice) was also significant (p < 0.0001). Fig. 1 . Release rates of Cu (left column) and Zn (middle column) from the five tested coatings. The Cu:Zn ratio (right column) measured on the coating remaining on the panels has been normalized to t = 0, i.e. the ratio in the original paint as measured before immersion. A ratio below 1 (as shown by the dashed line) indicates a preferential release of Cu over Zn. The shaded areas represent ± 1 standard deviation about the mean (n = 4).
Zn release rates
The effect of increased chloride ions on the dissolution rate of ZnO has not been experimentally studied, although Yebra et al. (Yebra et al., 2006b) hypothesize that the reaction in seawater might be written as:
Here, the release rates of Zn were found to not be as affected by an increase in salinity as that of Cu (Fig. 1, middle column) . This could be due to differences in dissolution rate as that of Cu 2 O in seawater at 25°C (Ferry and Carritt, 1946) ). The largest differences in time trends are not observed between the two salinities but instead between the paints. A decrease in Zn release rate is generally perceived towards the end of the study for all, but this is preceded by either a slow increase at the beginning of the study (e.g. paint B) or a high initial release rate in the very first week (e.g. paint C and E). None of the paints seem to attain any sort of steady-state release rate, with the exception of paint A after day 28.
The regression of the cumulative Zn release at the two sites reveals a linear relationship (r 2 = 0.935, p < 0.0001) but with a slope of only 1.12 (Fig. 2B) . Only the paints A, B and C have a significantly higher cumulative release by 84 days at the higher salinity (p < 0.001, p = 0.0012 and p < 0.001, respectively) (Fig. S3) . Similar to Cu, the 2-way ANOVA revealed location (p < 0.0001), paint choice (p < 0.0001) and the interaction between these two (p = 0.0064) to have a significant effect on the cumulative load of Zn released by day 84. The results of this test seems however to be mostly driven by paints A, B and C. When these are excluded, paint choice is the only variable with significant effect on the Zn release (p < 0.001). Hence, whether or not salinity will affect the Zn release seems to be paint-specific. The cumulative release of Zn after 84 days was investigated in correlation with the paints' ZnO content. A significant regression correlation with ZnO content could only be established for the Stockholm site (r 2 = 0.848, p = 0.0263) (Fig. S4) . Thus, at lower salinities, the ZnO content might be a useful parameter to estimate the release of Zn from the coatings.
Differential dissolution
A study by Finnie in 2008 studied the release rates of four selfpolishing Cu 2 O coatings with a co-biocide consisting of either copper or zinc pyrithione (Finnie, 2008) . The results from rotating cylinder tests over a 1 year test period showed no discernable difference in the release rate behavior over time between Cu 2 O and the co-biocides from day 21 and onward, despite the differences in solubility between them. After day 21, the ratio of released Cu:co-biocide relative to the paints original Cu:co-biocide remained on average ( ± 1 standard deviation) 1.02 ± 0.17. The study therefore concluded that the biocide release from antifouling paints is controlled by the paint properties rather than by the properties of the biocides themselves. In the current study, the Cu:Zn ratio measured in the remaining paint film and normalized to the studied paints' original Cu:Zn ratio was plotted over time (Fig. 1, right  column) . A synchronous release behavior between Cu and Zn is indeed observed for the self-polishing paint (E) at the higher salinity (average ratio of 1.05 ± 0.02), but not for any of the rosin-based paints tested (A-D). The quite steep decrease of the Cu:Zn ratio over time in the Gothenburg marina down to as low as 0.2 for the rosin-based paints shows a clear preferential release of Cu over Zn. In comparison, the ratios at the lower salinity site remain much closer to 1 throughout the study, indicative of a more even paint erosion. As the releases of Cu and Zn are not synchronous for all paints and sites, the use of a common release rate model (e.g. the CEPE mass balance equation) for both Cu and Zn will likely not yield realistic results. Yebra et al. have shown that for rosin-based paint systems, two dissolving pigment fronts can develop due to the difference in solubility between Cu 2 O and ZnO (Yebra et al., 2006b) . As a result of the lower solubility and dissolution rate of ZnO, the ZnO dissolving front will form on top of the Cu 2 O dissolving front. If this is the case for the studied paints, the observed preferential dissolution of Cu 2 O could lead to a thicker ZnO pigment front with time. This would in turn yield longer diffusion paths for the dissolved Cu ions and could subsequently be responsible for the slowed Cu release that was observed at higher salinity.
Do "steady-state" release rates exist?
The CEPE mass balance model is based on the assumption of a high leaching rate during the first two weeks, followed by a steady-state release for the remaining lifetime of the paint, irrespective of paint matrix. This assumption could not be confirmed in the current study. Instead, at the higher salinity site, the release rates of Cu were, for four of the paints (A, B, D and E), higher between day 14 and 56 as compared to the initial rate between day 0 and 7. At the lower salinity site, four of the paints (A-D) appear to attain a steady release rate for Cu after day 14 or 28, but this was preceded by an increase in release rate, not a decrease. In general, there seems to be no common time point after which a steady-state was achieved for both metals, both sites and all paints. In the study by Valkirs et al., the in situ release rates from the static panels exposed in fully saline conditions were measured over a total time period of 781 days and for the majority of the studied paints, a steady-state release rate was not observed until day 120 (Valkirs et al., 2003). It is thus possible that a steady-state might occur after 84 days at the higher salinity site, but even in that event, its relevance for risk assessment purposes can be questioned. Given that the boating season in many North-European countries is typically 5 months long, i.e. 150 days, more than half the boating season has already passed by day 84. The release prior to this time cannot simply be neglected, especially since the data suggests that the highest release rates generally occur during the first 56 days of immersion. If no such thing as a steady-state exists or at least, cannot be obtained within a realistic time frame, the time period that should be used to determine the release rate for risk assessment purposes needs to be considered carefully. For instance, even though the Cu leaching rates at the two sites between day 56-84 are comparable or have overlapping uncertainties for all paints, twice the Cu load was released at the Gothenburg site by day 84 as compared to Stockholm (Fig. 2A) . Selecting an appropriate time period is therefore crucial in order for the leaching rates to be representative.
Risk assessment 3.3.1. Comparison with existing methods
The release rates submitted to the Swedish Chemicals Agency (KemI) for the biocidal product approvals of the paints tested in this study (Swedish Chemicals Agency, 2009; Swedish Chemicals Agency, 2010; Swedish Chemicals Agency, 2011a; Swedish Chemicals Agency, 2011b; Swedish Chemicals Agency, 2013 ) were compared to the average release rates derived by XRF for the whole study period (RR d0-d84 ) (Fig. 3) . In addition, for a more environmentally protective approach, the average release rates for the time period during which the rates were generally observed to be highest, i.e. day 14-56, were also calculated (RR d14-d56 ). The calculated release rates RR d0-d84 and RR d14-d56 are listed in Table S2 of the Supporting information. Should a product fail to pass the risk assessment when employing non-corrected release rates (Tier 1) from the two existing standardized methods, it is accepted within the EU that the rates be divided by their corresponding reduction factor (5.4 for the rotating cylinder method and 2.9 for CEPE mass balance method) for a Tier 2 assessment (EU, 2006) . A Tier 2 assessment was employed for Cu for all studied paints except paint E that was approved before the application of correction factors was adopted. For paints A-D, the in situ RR d14-d56 for Cu are 2.6-8.1 times higher than the submitted Tier 2 release rates. Even RR d0-d84 , which are on average 17 ± 5% lower than RR d14-d56 , are still 2.3-6.9 times higher than the Cu rates used in the risk assessments. A similar observation can be made for Zn. Comparative release rates for Zn are only available for three of the paints (A-C) as the other two were assessed prior to the introduction of the requirement for producers to submit the release rates of both metals. A Tier 2 assessment was used for all three paints. Compared to RR d14-d56 , the Zn leaching rates are underestimated 2.2-3.3 times. For both metals and regardless of method, it is clear that the Tier 2 assessment, yields underestimated release rates. The validity of applying reduction factors can therefore be questioned. In fact, statistical comparison of the (non-corrected) Tier 1 rates to RR d14-d56 reveals no significant difference between the two (p = 0.5216 for Cu, p = 0.5298 for Zn). For the paints in this study, the Tier 1 release rates would therefore have been more appropriate to use. Whether this result applies to all other coatings on the market, including those with other types of binder technologies which were not studied here such as hard paints, needs to be investigated.
MAMPEC modelling
The calculated RCRs based on the Cu and Zn release rates determined by XRF (RR d0-d84 and RR d14-d56 ) were compared to those from the authorization applications (Fig. 4) . To take into account mixture effects, KemI employs the Concentration Addition approach according to which the RCRs for Cu and Zn are summed together. The summed RCR is compared to "1", with RCR > 1 indicating an unacceptable risk to the environment. Products with an RCR above but close to "1" may still gain approval, but this is evaluated on a case-to-case basis.
For the three paints approved for use on the East coast (A-C), the Fig. 3 . Release rates for Cu (A) and Zn (B), as submitted to the Swedish Chemicals Agency for the risk assessment of the products. The in situ release rates between day 0 and 84 and between day 14 and 56 were calculated for the XRF method ( ± 1 standard deviation, n = 4). For the paints approved for use on the Swedish East Coast (A-C), the XRF release rates from the Stockholm marina are shown. For the paints approved for use on the Swedish West Coast (D-E), the XRF release rates from the Gothenburg marina are shown. The striped bars indicate the release rates used to gain product approval.
RCRs in the application are equal to or close to "1". The summed RCRs derived from RR d0-d84 and RR d14-d56 are much higher with values between 2.4 and 3.9. For all paints, the RCRs show that most of the environmental risk is associated with the release of Cu into the aquatic environment. For the West Coast paints (D-E), any contribution to the RCR from the release of Zn was not taken into account when their applications were submitted. However, as can be seen from the RCRs derived from the field release rates, the contribution of Zn to the summed RCR is negligible for these paints. For paint D, the use of the field release rates yields RCRs around 2, i.e. more than twice as high as that of 0.8 from the application. As no reduction factor was applied to the Cu release rate for paint E, the RCR from the application of 1.7 is in the same range as those obtained with the in situ release rates. At the time, the product still gained approval as it was reasoned in the application that the rotating cylinder method likely overestimated the release of Cu. Overall, with resulting RCRs typically between 1.5 and 4 when based on the environmental release rates as measured by XRF, it is questionable whether any of the five products in this study should have been allowed on the Swedish market.
Conclusions
In this study, both salinity and the paints' specific formulations are shown to significantly affect not only the total amount of Cu and Zn released from the coatings, but also how the rate of this release changes over time. The effect of temperature and pH was not studied here but will likely also affect the biocidal release with a higher release at higher temperatures and lower pH (Ferry and Carritt, 1946; Kiil et al., 2001) . Release rates determined for the Baltic Sea may therefore not be representative of those for e.g. the Mediterranean Sea, and vice versa. As EU countries may utilize custom national scenarios in MAMPEC, it would be sensible to input site-specific release rates obtained in field conditions similar to those of the modelled scenarios. By measuring the release rates from antifouling paints exposed in the field with this new XRF method, the risk assessment of these biocidal products could be greatly improved. The selection of immersion times to obtain environmentally relevant release rates is however a subject for discussion. There may be a trade-off between environmental relevance and the feasibility to perform the risk assessment in a cost-efficient, time constrained and standardized manner. With only a 30 s measurement time and no need for any chemical analyses, the XRF method determines not only environmentally relevant release rates but is also an economical alternative to the methods currently in use.
